Laminar counterflow nonpremixed flames with local extinction caused by nonuniform inflows are numerically investigated in two-dimensions in a system governed by Lewis numbers of unity and assuming a single-step, irreversible, finite-rate reaction. A numerical method based on the SIMPLE algorithm is used. Edge flame structures are investigated through the introduction of a new progress variable defined as the normalized integral of the mass fraction of a product in the mixture fraction Z space and which expresses the progress of the chemical reaction. Calculation results reveal that the edge flame structure can be classified into three regions; fully burning flame, weakened flame with a low reaction rate, and a non-reacting preheat region. Under these conditions, and in terms of the energy balance, the edge flame structure is dependent on the Z-directional heat diffusion transport, heat consumption (given by the progress variable), and heat production by chemical reaction. It is found that each type of flame structure can be well characterized by three parameters; the mixture fraction, the stoichiometric scalar dissipation rate, and the progress variable. These three parameters are identified as important factors affecting the edge flame structure of nonpremixed flames with local extinction.
Introduction
Flames subject to local extinction are frequently observed in turbulent flames, and the partial premixing that occurs as a result is thought to be related to a reduction in NOx emission (1) , which is of practical interest for turbulent diffusion flames. Lifted turbulent diffusion flames are also subject to partial premixing and local extinction due to flame stretch, which is related to flame stability. The edge flame structure is considered to be useful for characterizing such phenomena (2) - (4) . The transient flamelet model (5) , (6) , developed to predict turbulent autoignition phenomena through the introduction of progress variables, is attractive in that the model is possibly extendable to the estimation of local extinction, including the flame base structure of lifted nonpremixed flames. On the other hand, Müller et al. (7) , who dealt with the scalar G equation, used the weighted sum of unburned and burned flame properties to express the transient flame structure. This is one model of the edge flame structure, however, the progress variable used in the work of Zhang et al. (5) seems to be more appropriate for expressing the transient flame structure. The introduction of the progress variable is closely related to the triple flame structure studied by Buckmaster and Matalon (8) 1988), Dold (9) , Kioni et al. (10) , Kioni et al. (11) , and Ruetsch et al. (12) ; in other words, the progress variable more fully describes premixed flame characteristics.
We are concerned in this paper with the numerical investigation of steady, two-dimensional, laminar counterflow diffusion flames with local extinction in nonuniform inflow fields, as part of our research on the edge flame structure in turbulent diffusion flame modeling. In this paper, an attempt is made to systematically characterize the transient flame structure in this system through the intro-duction of an additional variable, i.e. a progress variable, to be used in conjunction with the mixture fraction and the scalar dissipation rate. The model is evaluated using numerical data for counterflow nonpremixed flames with local extinction, which occur under nonuniform inflow conditions.
Formulation and Numerical Scheme
In this study we consider two-dimensional, locally quenching, laminar, methane/air counterflow nonpremixed flames, neglecting the effects of gravity and restricting variable density effects to within a low Mach number limit. All species are assumed to behave as perfect gases, with mass diffusivity equal to heat diffusivity according to assumed Lewis numbers of unity, and combustion is assumed to occur according to a single-step, irreversible, finite-rate reaction. Radiation, bulk viscosity, body forces, diffusion by the Soret and Dufour effects, and pressure gradient diffusion are also neglected.
The resulting governing equations are written in the following form using the standard notation:
Outflow direction (y) momentum equation, ∂v ∂t
Continuity equation of species i,
where ρD m = λ m /C pm . The subscript m denotes the mixture and is omitted hereafter. The above dependent variables are related through the state equation,
and the caloric equation of state
In this study, the fuel used is methane and the oxidizer is air. The chemical reaction expressing the combustion process is assumed to be a single-step, irreversible, finiterate chemical reaction of methane and oxygen. The chemical reaction rate termẇ i in Eq. (4) is evaluated from the following empirical formula proposed by Westbrook and Dryer (13) in terms of the molar concentration of methane per second:
where the pre-exponential factor A is 2.3×10 7 s −1 , the activation energy E = 30.0 kcal/mole, and the exponential factors a and b are −0.3 and 1.3, respectively. Equation (8) reproduces well the burning velocity estimated by a detailed reaction mechanism in the combustible range of mixture of methane and air (13) .
Stretched Laminar Flamelet Model with Local Extinction
We investigate the edge flame structure based on the mixture fraction Z and the progress variable c. In this study, the mixture fraction is defined as the mass fraction of nitrogen. The progress variable is defined as
which resembles, but is not identical to, the time-related variable proposed by Zhang et al. (5) , who developed the transient flamelet model. Here, φ represents the integral value of the mass fraction of a major product Y p in the mixture fraction space, say CO 2 , and is defined by
which represents the progress of the chemical reaction.
Here, Y p in mixture fraction space is dependent only on the mixture fraction and the stoichiometric scalar dissipation rate χ st according to the flamelet concept (14) , (15) , in which the stoichiometric scalar dissipation rate reflects the flame stretch effect. The notation φ 0 in Eq. (9) represents φ for the nonpremixed flame under the infinite reaction rate condition. Note that c is dependent on the stoichiometric scalar dissipation rate χ st , and c = 0 represents the unburned condition and c = 1 represents burning under the infinite reaction rate condition. Hence by definition, the gradient vectors of c and Z are orthogonal and independent.
If we investigate the edge flame structure on the basis of the mixture fraction and the progress variable, we find that production and diffusion dominate the scalar structure, and that the scalar structure is dependent on the stoichiometric scalar dissipation rate.
The c transport equation is derived from the conservation equation of a product species and the transport equation of Z (5) . These equations are
Here, we assume for simplicity that ρD is constant. After rewriting the derivatives in Eq. (11) in consideration of Y p as a function of c and Z, and then applying Eq. (12) to Eq. (11), the final form of the c equation becomes
whereẇ c is
and where
The scalar dissipation rate χ zz represents the dissipation rate of Z, χ cc represents the dissipation rate of c, and χ zc represents the dissipation rate of both Z and c.
We can now investigate the edge flame structure in detail in the frame of Z and c. The governing equations are transformed to the Z − c coordinate system by the following transformations:
and
where τ = t. The energy balance equation in terms of temperature T given by
is written in the frame of Z and c as
Here, the subscript f stands for the fuel. In addition to the above assumptions, the specific heat at constant pressure C p is assumed to be constant and the enthalpy flux term is neglected as smaller than the error introduced by assuming the constant C p . The pressure variation is also neglected. Equations (12) and (13) are used for the derivation of Eq. (21) . Note that Eq. (21) does not include convection terms for the advection of Z and c. The term on the left-hand side represents temporal change, and the first three terms on the right are thermal diffusion terms with respect to Z, c, and both Z and c. The fourth and fifth terms are the source terms for c and heat. Here, careful consideration is required regarding the interpretation of the source term for c. For simplicity, let us consider a steady state problem so as to ignore the left-hand term. A positive value ofẇ c implies that c will increase if the temperature remains constant, with the net effect that temperature is reduced. For the purpose of the discussion, each term is enumerated first to sixth from the left-hand side.
Geometry and Boundary Conditions
We consider semi-planar steady-state flames oriented normal to the x-direction with air flow into the calculation domain at x = 0 and fuel introduced at x = 10 mm. Calculations were performed for half the two-dimensional flow field assuming symmetrical geometry, as shown in Fig. 1 . The computational domain extends to 20 mm in the ydirection. Although steady-state solutions are sought, the time-derivative terms are retained in the governing equations because the numerical algorithm adopted is based on the time-dependent SIMPLE approach (16) . The governing equations are discretized by the control volume approach with accuracies of temporally O(∆t) and spatially O(∆x 2 , ∆y 2 ). The present SIMPLE method is as follows: (1 
Solve continuity equations of species and energy equation, and (7) Return to (2) with p * replaced by p. The present convergent constraint is 1 × 10 −5 in terms of relative error. The solution of the problem requires that appropriate boundary conditions be imposed. The inlet xvelocities u are specified in Table 1 for the three calculation cases. The y-velocity component v is zero at each inlet. The derivatives of other dependent variables with re- Fig. 1 Computational domain and coordinate system for twodimensional counterflow field Table 1 Calculation conditions spect to x are set as zeroes at each inlet. At the symmetric boundary (y = 0), we set v = 0 and the y-derivatives of other dependent variables as zeroes. The outlet is dealt with as a free flow-out boundary; the y-derivatives of the u-velocity component, the mass fractions of species, and the temperature are zeroes, and the v-velocity component is determined by the continuity equation. The SIMPLE algorithm requires boundary conditions for the pressure correction equation. The inlet and symmetry boundaries, however, no longer require boundary conditions because the velocity boundary conditions are already specified, and the pressure difference to be corrected is set at zero at the outlet (16) . The supply temperature is 298 K, and a grid of 100 points in the x-direction (the step size ∆x = 0.1 mm) and 150 points in the y-direction (∆y = 0.16 mm) is imposed for each calculation. Time step is 5 × 10 −6 s. Thermophysical and chemical data are taken from the CHEMKIN software package (17) , (18) . Calculations were primarily performed for the three cases in Table 1 , where flames are categorized into two quenching patterns; extinction downstream and extinction upstream of the flame. Case 1 corresponds to downstream extinction, for which the inflow condition is given by a high inflow velocity of 25 cm/s between y = 8 mm and 11 mm, while the remainder is 5 cm/s. Cases 2 and 3 are examples of upstream extinction. In case 2, the reactants flow into the calculation domain at a velocity of 25 cm/s at the center between y = 0 and 5 mm, while the remaining area has a lower velocity of 5 cm/s. In case 3, the higher velocity is changed to 20 cm/s, applied to the interval between y = 0 and 3 mm. Other extra calculations were performed in order to obtain the flame structure of a fully burning counterflow nonpremixed flame without local extinction. The scalar dissipation rate at the extinction of the uniform counterflow nonpremixed flame was 1.8 s −1 . This value is much lower than the 7.8 s −1 estimated by Peters (14) on the basis of an experimental result of Tsuji and Yamaoka (19) , and is thought to depend strongly on the reaction rate expression used here. As mentioned above, Eq. (8) can reproduce the burning velocity. This means that source terms in the species conservation equations are adequately represented in the frame of the one-step, irreversible, finite-rate reaction and can well reproduce the scalar field regardless of combustion types.
The underestimation of the quenching scalar dissipation rate must be caused by intermediate reactions, as reported by Takahashi et al. (20) and Takahashi and Katta (21) . Accordingly, we used the rate formula given by Eq. (8) without modification because any modification would damage the validity of the results. Figure 2 shows the calculated flow field and the scalar field related to temperature, heat-release rate, mixture fraction, and the progress variable for a steady, locally quenching, counterflow nonpremixed flame for case 1. The temperature, scalar dissipation rate, and progress variable profiles on the stoichiometric line are shown in Fig. 3 . The stoichiometric mixture fraction of the present fuel Z st is 0.054 8. Figures 4 and 5 show the results for case 2, in which the flame is not steady, moving very slowly in the y-direction. Each flame is quenched locally near the position where the fuel and air collide at high inflow velocity, corresponding to a region of higher scalar dissipation rate. A key point is that the flames always extinguish at below the extinction value of the scalar dissipation rate required for spatially uniform stretch. This result is in accordance with the experimental finding of Shay and Ronney (22) , and is attributable to the decrease in the extinction Damköhler number at the flame edge, in comparison to a uniformly strained flame, as predicted by Buckmaster and Weber (2) . On the basis of the prediction, the ratio of the strain rate at the steady flame edge to the extinction strain rate of a uniformly strained flame is estimated to be 0.75 for the present cases. Moreover, we notice in Figs. 3 (II) and 5 (II) that the scalar dissipation rate increases slightly immediately ahead of the point at which the flame temperature starts to decrease. This position corresponds to the point at which the diffusion coefficient D increases rapidly due to the rise in temperature in the direction of the flame. The mixture fraction gradient ∂Z/∂x along the stoichiometric line relaxes gradually (not shown). Therefore, this phenomenon, which is determined by the product of the diffusion coefficient and the square of the mixture fraction gradient 2D(∂Z/∂x i ) 2 , is caused by rapid reaction. Moving away from the flame, the temperature initially decreases rapidly, followed by a 5 to 12-mm preheat region with a relatively gradual decrease in temperature. The maximum temperature ridgelines tend to deviate from the stoichiometric lines indicated by the Z st lines in Figs. 2 (II) and 4 (II). The progress variable c decreases somewhat slower than the temperature. The heat-release rates in cases 1 and 2 shown in Figs. 2 (III) and 4 (III) have hook-shaped distributions, with the tip directed towards the fuel-lean side (air side). Takahashi et al. (20) reported similar distributions in the heat-release rate at the flame base of jet diffusion flames, the peak spot termed the reaction kernel, by implementing calculations of co-flow methane-air jet diffusion flames with a detailed chemistry model. In their study, it was concluded that radicals diffusing radially near the reaction kernel cause the expansion of the flame base towards the fuel-lean side. Our results show very similar flame edges despite the fact that the calculations are based on a simple one-step reaction. Moreover, the heat-release rate distributions maintain a consistent shape regardless of the direction of flow against the flame edge, as shown in Figs. 2 (III) and 4 (III). This implies that the effect of partial premixing is negligible in our calculation; the mixing time is too short to lead to triple flame (23) . In our geometry, temperature gradients are steeper on the air side than on the fuel side, as shown in Figs. 2 (II) and 4 (II). This is expected to enhance the diffusion of scalars on the air side, expanding the flame edge in that direction. Consequently, the shape of the edge flame is closely related to the diffusion process.
Results and Discussion
Takahashi and Katta (21) also investigated the effect of the one-step global chemistry on numerical results in the jet diffusion flames and reported a heat release-rate distribution hooked on the rich side different from the results by the detailed chemistry model and also the present results. However, this result is strongly affected by a rate equation used in their study which overestimates on the rich side than the present one, and does not reflect the scalar field to be evaluated. Figure 6 shows the progress variable for each case as a function of the scalar dissipation rate, which is dependent on the stoichiometry. Each c-χ st curve can be divided into three regions. The first is the upper c region, having a negative slope with respect to χ st and corresponding to the fully burning flame condition dominated by the reaction and diffusion with respect to Z. The next corresponds to the mid c region and is characterized by a more rapid decrease in c. The reaction is dramatically weakened in this region, but not zero. In the lower c region, the decrease in c is slower again, and the reaction does not proceed. This region corresponds to the preheat region. The finite value of c is attributable to the diffusion of products from the flame. Two conditions, indicated by the crossing points in the figure, will be used in the following discussion to compare the flame structures. The crossing point of case 1 and case 2 corresponds to cross-section (a) in Fig. 2 and crosssection (c) in Fig. 4 under the condition that χ st = 1.52 s Fig. 2) for the same scalar dissipation rate (χ st = 1.52 s −1 ). CDF: counterflow diffusion flame (nonpremixed) and oxidizer increases across the reaction region due to the decay in the reaction rate. This implies that the mix-ture fraction and scalar dissipation rate at the edge of nonpremixed flames with local extinction are not the sole factors affecting the flame structure.
We then investigated the balance of heat transfer on the basis of Eq. (21) in order to clarify the important factors that affect the flame structure. Figure 8 shows the heat transfer balances of the fully burning counterflow nonpremixed flame without local extinction and for crosssection (a) of case 1. Here, the terms are numbered in reference to the order in Eq. (21) . A minor unbalance of heat transfer noticed in Fig. 8 (II) comes from the approximations in Eq. (21) . For the fully burning counterflow nonpremixed flame, the heat source term (term 6) balances the Z-directional heat diffusion term (term 2). This implies that the flame structure is dependent on the mixture fraction and scalar dissipation rate involved in the diffusion term (term 2). For cross-section (a) of case 1, an additional term becomes important. The term is the production term for c (term 5). Here, term 5 is also attributed to the Z-directional diffusion of the product corresponding to the first term on the right-hand side of Eq. (14), being the contribution of other smaller terms on the cross-section (not shown). As the calculated Z-directional diffusion term of the product is negative, the production rateẇ c is also neg- Fig. 2) ative. As mentioned above, the negative value ofẇ c represents the production of thermal energy. We can conclude from Fig. 8 (II) that terms 2 and 5 are dominant for the conditions of cross-section (a), and the effect of the heat source term (term 6) is weakened. This implies that the edge flame structure is governed in part by the property represented by the progress variable. Lastly, we investigated the above two cases under the condition of identical scalar dissipation rate and progress variable. The first case examined was that for χ st = 1.52 s −1 and c = 0.85, corresponding to cross-sections (a) and (c) of cases 1 and 2 ( Figs. 2 and 4) . A comparison of the flame structures is shown in Fig. 9 ; the flame structures are almost coincident. The case for χ st = 1.42 s
and c = 0.59 is shown in Fig. 10 , corresponding to crosssections (b) and (d) of cases 1 and 3. This condition involves the preheat region. The heat transfer balances are also compared in the figure, with the above-mentioned minor unbalance. The flame structures ( Fig. 10 (I) ) are roughly coincident, although there is a minor dissimilarity on the fuel-lean side. The flame structure in this region is also dominated by terms 2 and 5, as shown in Fig. 10 (II) and (III). The small deviation is due to the expansion of the flame base towards the fuel-lean side with a steeper temperature gradient, as mentioned above. In the nonreaction preheat region, the stoichiometric scalar dissipation rate is not a factor in the scalar structure in the mixture fraction space. For the fully burning flame, χ st is important because term 2 becomes significant only in regions approaching stoichiometry, as shown in Fig. 8 (I) . In the preheat region, as a number of scalars including temperature are transferred from the first two regions, diffusion processes around stoichiometry dominate the scalar structure. These results indicate that three parameters; the mixture fraction, the scalar dissipation rate, and the progress variable, are the primary factors that affect the edge flame structure of nonpremixed flames with local extinction. These findings are closely tied with the single-step, irreversible, finite-rate reaction model employed in this study. Investigations using a detailed chemical-kinetic model will be pursued in future studies.
Conclusion
The edge flame structure of counterflow nonpremixed flames with local extinction was numerically investigated in the two-dimensional counterflow configuration with step-like inflows. The flame structure was discussed based on the mixture fraction and a newly defined progress variable derived from the transient flamelet concept. This system has not been discussed explicitly to date. The progress variable is defined as the normalized integral of the mass fraction of a product in the mixture fraction space, and the reference value is based on a nonpremixed flame with infinite reaction rate. The edge flame structure was classified into three categories fully burning flame, in which the heat transfer is balanced between Z-direction diffusion and the source; weakened flame, for which the reaction is very weak; and a preheat region, where the reaction ceases. Each type of flame structure was well characterized by the mixture fraction, the scalar dissipation rate, and the progress variable, with only a minor discrepancy for the preheat region. The discrepancy is attributed to the fact that the stoichiometric scalar dissipation rate is not a factor affecting the scalar structure in the nonreaction region. However, in the preheat region, as a number of scalars including temperature are transferred from the reaction region of the first two regions, the diffusion processes around stoichiometry continue to dominate the scalar structure. These three parameters are considered to be important factors affecting the edge flame structure of nonpremixed flames with local extinction.
